Skin squamous cell carcinomas (SCCs) are the second most prevalent skin cancers. Chronic skin inflammation has been associated with the development of SCCs, but the contribution of skin inflammation to SCC development remains largely unknown. In this study, we demonstrate that inducible expression of c-fos in the epidermis of adult mice is sufficient to promote inflammation-mediated epidermal hyperplasia, leading to the development of preneoplastic lesions. Interestingly, c-Fos transcriptionally controls mmp10 and s100a7a15 expression in keratinocytes, subsequently leading to CD4 T-cell recruitment to the skin, thereby promoting epidermal hyperplasia that is likely induced by CD4 T-cell-derived IL-22. Combining inducible c-fos expression in the epidermis with a single dose of the carcinogen 7,12-dimethylbenz(a)anthracene (DMBA) leads to the development of highly invasive SCCs, which are prevented by using the anti-inflammatory drug sulindac. Moreover, human SCCs display a correlation between c-FOS expression and elevated levels of MMP10 and S100A15 proteins as well as CD4 T-cell infiltration. Our studies demonstrate a bidirectional cross-talk between premalignant keratinocytes and infiltrating CD4 T cells in SCC development. Therefore, targeting inflammation along with the newly identified targets, such as MMP10 and S100A15, represents promising therapeutic strategies to treat SCCs.
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Received May 29, 2013; revised version accepted August 15, 2013. Skin squamous cell carcinomas (SCCs) are the second most common type of human nonmelanoma skin cancers (NMSK), with an incidence of 16 out of 100,000 people in Europe (Brantsch et al. 2008) . Unlike basal cell carcinomas (BCCs), SCCs are characterized by an increased risk of metastasis (Ratushny et al. 2012) . SCCs arise from keratinocytes of the epidermis and oral mucosa and are most commonly found in sun-exposed areas. Besides ultraviolet (UV) light, other risk factors have been associated with skin SCCs, such as arsenic exposure, tobacco, and human papilloma virus infection. SCCs typically manifest as a spectrum of progressively advanced malignancies, ranging from a precursor lesion like actinic keratosis to SCCs to, eventually, invasive SCCs.
Inflammatory processes often facilitate cancer development by fostering infiltration of immune cells and promoting stromal remodeling (Hanahan and Coussens 2012) . In humans, inflammatory skin diseases such as lupus vulgaris or chronic skin ulcers predispose patients to develop cutaneous SCCs (Baldursson et al. 1993; Motswaledi and Doman 2007) . In addition, deregulated expression of oncogenes or tumor suppressors in cancer cells can promote immune cell recruitment to the tumor microenvironment by activating the expression of cytokines or metalloproteases that control proinflammatory pathways (Kerkela and Saarialho-Kere 2003; Zenz et al. 2005; Soucek et al. 2007 ). Interestingly, CD4 T-cell depletion delayed the appearance of tumors in a skin SCC-prone genetic mouse model (Daniel et al. 2003) .
A number of signaling pathways have been described as important in the development of SCCs, such as RAS, p53, Notch, and AP-1 (Guinea-Viniegra et al. 2012; Ratushny et al. 2012 ). Expression of a dominant-negative AP-1 transgene in the skin protects mice from UV-induced, chemically induced, and papillomavirus-induced tumor formation, indicating that AP-1 activity is essential for tumor development (Cooper et al. 2003) . In skin physiology, c-Fos is required for the development of RAS-induced malignant papilloma or squamous cell lesions in the background of an epidermal-specific or complete c-fos knockout mouse, while it is dispensable for mouse skin development and homeostasis (Saez et al. 1995; GuineaViniegra et al. 2012) . Moreover, keratinocyte-specific c-Fos deficiency promotes skin tumor suppression in a p53/ TACE-dependent cell-autonomous manner (Guinea-Viniegra et al. 2012) . Importantly, increased levels of c-Fos have been found in human SCCs (Sachdev et al. 2008) .
In inflammatory diseases such as arthritis, c-Fos was shown to promote disease development (Aikawa et al. 2008; Shiozawa and Tsumiyama 2009) . In contrast, c-Fos can act as a negative regulator of proinflammatory responses in myeloid and lymphoid cell lineages (Ray et al. 2006) . It was reported that the AP-1 transcription factor regulates a number of genes affecting the microenvironment in the epidermis, including matrix proteins and other secreted factors Wagner and Eferl 2005) . Whether c-Fos plays a role in epithelial inflammation and in an epithelial/immune cross-talk remains unknown.
Using inducible and regulatable mouse models, we show that c-Fos expression in the epidermis is sufficient to promote inflammation-dependent development of preneoplastic lesions. This phenotype seems to be induced by recruitment of proinflammatory CD4 T cells to the skin through the induction of novel transcriptional c-Fos target genes mmp10 and s100a7a15 in epithelial cells. We further show that this cross-talk between c-Fos expression in the epidermis and CD4 T-cell recruitment may also be conserved in human SCCs.
Results

Inducible epidermal c-fos expression in adult mice leads to epidermal hyperplasia
Increased c-Fos levels have been observed in SCCs arising from different stratified squamous epithelia (Sachdev et al. 2008; Guinea-Viniegra et al. 2012) . To investigate whether c-Fos expression is sufficient to promote SCC development in the skin, we generated a doxycycline (Dox)-inducible mouse model. To achieve inducible, keratinocyte-specific expression of c-fos in vivo, keratin 5 (K5)-rtTA mice were crossed to col TetO-Fos mice (Supplemental Fig. 1A ). Double-transgenic mice are referred to as c-Fos
Ep-tetON mice, and wild-type or single-transgenic littermates are referred to as controls. Following 4 wk of Dox treatment, adult c-Fos
Ep-tetON mice showed reduced body size, hair loss, and limited life span compared with controls ( Fig. 1A,B; Supplemental Fig. 1B) . The mutant mice did not show enlarged spleen size indicative of a systemic inflammatory disease (Supplemental Fig. 1C ). The affected skin was thickened, with cornified epidermis appearing as dry, scaly lesions (Fig. 1B) . Expression of inducible c-fos was detected in the epidermis 2 wk after Dox induction by RT-qPCR and immunohistochemistry (IHC) (Fig. 1C,D) . At 2 wk, c-Fos was mainly localized to the hair follicles, while, at 4 wk, it was clearly visible in the basal layer of the epidermis and outer root sheath of the hair follicles (Fig. 1D, arrows) . Other K5-expressing epithelial tissues, such as esophagus, tongue, and forestomach, expressed inducible c-fos, showing a mild phenotype only in the forestomach (Supplemental Fig.  1D ), while K5-negative tissues, such as spleen or liver, did not express exogenous c-fos (data not shown). Histological analyses of c-Fos
Ep-tetON back skin revealed a complete disruption of skin architecture, leading to the development of preneoplastic lesions characterized by massive epidermal hyperplasia, hyperkeratosis, parakeratosis, and cell/nuclear atypia (Fig. 1E) . Strikingly, most hair follicles were absent, and foci of central keratinization within concentric layers of abnormal squamous cells were often observed (Fig. 1E ). Proliferation and survival pathways were increased, as assessed by Ki67 and p-STAT3 stainings, in the basal layer of the epidermis upon inducible c-fos expression as early as after 2 wk of Dox treatment (Fig. 1F,G) . Interestingly, the presence of a pronounced leukocyte infiltrate, as compared with resident leukocyte infiltrates in wild-type skin, was observed at 4 wk upon c-fos expression, as assessed by CD45 immunostainings (Fig. 1H) . Furthermore, epidermal differentiation marker analyses revealed a dramatic expansion of the different epidermal layers in mutant mice. Multiple cell layers were positive for K5 and K14 (basal compartment), and the K1 (spinous layer) and the loricrin (granular layer) were also expanded (Supplemental Fig. 1E ). Furthermore, calcium-induced keratinocyte differentiation, as measured by impaired Keratin10, Notch1, and Hes1 expression, was slightly impaired upon inducible c-fos expression (Supplemental Fig. 1F-K) . These results show that inducible expression of c-fos in the epidermis is sufficient to trigger skin hyperplasia.
Inducible c-Fos expression promotes skin inflammation through chronic CD4 T-cell recruitment
To analyze whether the observed skin phenotype is a direct consequence of c-Fos-induced keratinocyte proliferation and whether c-Fos can promote proliferation cell-autonomously, primary Fos tetON keratinocytes were employed. Inducible expression of c-Fos was detected in vitro upon Dox treatment (Supplemental Fig. 2A ). However, no increased proliferation-as assessed by keratinocyte numbers (Supplemental Fig. 2B ), EdU incorporation (Supplemental Fig. 2C ), colony formation assays (Supplemental Fig. 2D ), and enhanced CyclinD1/2 or CyclinE2 expression-was observed (Supplemental Fig. 2E-G) . Furthermore, no changes in the Fos-dependent p53/TACE differentiation pathway were observed upon c-Fos expression (Supplemental Fig. 2I,J ). These data demonstrate that c-Fos does not promote proliferation in a cell-autonomous manner.
In addition to the epidermal hyperplasia, histological analysis of c-Fos
Ep-tetON mouse skin revealed an accumulation Figure 1H . To confirm the infiltration of immune cells in the skin of c-Fos Ep-tetON mice and determine the nature of these cells, we performed flow cytometry (FACS) analyses in skin homogenates from mice 2 wk after inducible expression of c-fos, when there is no microscopic skin phenotype. Although there were no significant changes in the relative presence of total leukocyte infiltration, as determined by CD45 cells, there was a pronounced accumulation of CD4 T cells as well as Gr1
+ granulocytes in the c-Fos Ep-tetON mouse skin ( Fig. 2A ). Four weeks after inducible c-fos expression, when the epidermis shows a pronounced hyperplasia, there were increased leukocyte infiltrates in the skin of c-Fos Ep-tetON mice (Fig. 2B) . Moreover, there was a clear accumulation Ep-tetON mice at 4 wk of inducible c-fos expression followed by 4 wk and 16 wk without Dox treatment. (E) Chemotaxis assay. CD4 T lymphocytes isolated from murine wildtype lymph nodes were activated for 5 h with anti-CD28 and anti-CD3 antibodies. Activated CD4 T lymphocytes were subjected to chemotaxis in a transwell assay using either medium alone, SDF-1 (10 ng/mL), or conditioned medium (CM) from control or c-Fos tetON keratinocytes cultured 6Dox and 6the recombinant protein S100a7a15. 
of CD4 T cells in c-Fos
Ep-tetON mice ( Fig. 2B ), while the number of Gr1 + cells was restored to normal (Fig. 2B) . No changes were observed in the infiltration of CD8 T cells or B cells at either 2 wk or 4 wk, but macrophages were significantly reduced at 4 wk (Supplemental Fig. 3A,B) . Thus, inducible c-fos expression in epidermis caused selective recruitment of CD4 T cells to the skin. Most CD4 T cells present in the skin of c-Fos
Ep-tetON mutant mice were CD44 high (data not shown) according to the expected activated status of the cells. Analyses of the CD4 T cells in the skin draining lymph nodes also revealed increased CD4
+ CD44 high cells in c-Fos
Ep-tetON mice compared with control mice (Fig. 2C) , suggesting that accumulation of CD4 T cells in the skin of mutant mice could potentially be the result of the recruitment of activated CD4 T cells from the draining lymph nodes.
To demonstrate that the presence of these cells in the skin was dependent on c-fos expression in keratinocytes, Dox was removed after 4 wk of induction, and the mutant mice were analyzed after an additional 4 or 16 wk, when c-fos expression was shut off. The accumulation of CD4 T cells in the skin was restored to almost normal levels compared with control mice (Fig. 2D) , and c-Fos levels were normalized (data not shown). The selective presence of CD4 T cells in the skin is therefore dependent on continuous epidermal c-fos expression.
To assess whether specific factors secreted by c-Fosexpressing keratinocytes can promote migration of CD4 T cells, chemotaxis assays were performed in vitro using wild-type murine primary lymph node-derived CD4 T cells. Supernatants from Dox-treated c-Fos tetON primary keratinocytes induced a twofold chemotactic migration of CD4 T cells, similar to SDF-1a, which was used as a positive control (Fig. 2E ). These results indicate that specific proteins secreted upon c-Fos expression into the supernatants of Dox-treated c-Fos tetON keratinocytes are able to act as chemotactic molecules for CD4 T cells.
To address whether the selective accumulation of CD4 T cells in the skin of c-Fos
Ep-tetON mice plays a functional role in the development of skin hyperplasia, c-Fos Ep-tetON mice were crossed to RAG1 À/À -deficient mice (Mombaerts et al. 1992) 
. Unlike c-Fos
Ep-tetON mice, double-transgenic c-Fos
Ep-tetON RAG1 À/À mice showed significantly smaller skin lesions (Fig. 2F) . Moreover, keratinocyte hyperproliferation and activation of the STAT3 pathway detected in Fos Ep-tetON mice was restored to normal levels in Fos
RAG1
À/À mice, as assessed by Ki67 and p-STAT3 staining ( Fig. 2G ; Supplemental Fig. 3D ), whereas c-Fos levels remained increased (Supplemental Fig. 3E ). Thus, CD4 T cells accumulate in the skin upon c-fos expression in keratinocytes and contribute to c-Fos-mediated development of epidermal hyperplasia.
To understand how CD4 T cells could contribute to the development of the skin phenotype, CD4 T cells were FACS-sorted from the back skin of control and c-Fos Ep-tetON mice when compared with controls ( Fig. 2H ). IL-22 has been shown to be involved in barrier defense and can promote keratinocyte survival by activating the STAT3 pathway (Boniface et al. 2005; Zhang et al. 2012 ).
c-Fos is necessary and sufficient to up-regulate the expression of mmp10 and s100a7a15 in keratinocytes
To understand the underlying molecular mechanisms and identify novel transcriptional targets of c-Fos, including putative secreted factors, we next employed genome-wide expression analyses using primary keratinocytes isolated from the c-Fos tetON mice. No major changes in the expression of genes involved in proliferation or differentiation were observed between c-Fos tetON keratinocytes upon inducible expression of c-fos (Supplemental Table 1 ). However, among a number of c-Fosinduced genes, two consistently up-regulated genes encoding secreted factors with a role in triggering inflammatory responses were identified: mmp10 and s100a7a15 (Fig.  3A) . MMP10 is an MMP that facilitates the recruitment of leukocytes from the bloodstream by degrading components of the extracellular matrix and modulating cytokine and chemokine activity (Elkington et al. 2005 ). In addition, S100a7a15 is involved in the recruitment of CD4 T cells and granulocytes (Wolf et al. 2010) .
The expression of these novel target genes was validated at the RNA and protein levels in vitro and in vivo. A significant increase in mRNA ( Fig. 3B ) and protein (Fig. 3C ) expression levels of mmp10 and of s100a7a15 was observed upon c-Fos induction in cultured keratinocytes. Moreover, a significant increase of MMP10 and S100a7a15 was detected by ELISA in the serum of c-Fos
Ep-tetON mice (Supplemental Fig. 4B ; data not shown) and in vitro in the cell supernatants of c-Fos tetON keratinocytes (Supplemental Fig. 4C ; data not shown). Importantly, no other MMPs or TACE were differentially expressed upon c-fos expression, as assessed in the microarray analyses or by 2I) . Both mmp10 and s100a7a15 mRNA levels were increased in the skin of c-Fos
Ep-tetON mice compared with controls, as assessed by RT-qPCR (Fig. 3D) , IHC, and immunofluorescence (Fig. 3E,F) . Furthermore, the chemotactic effect observed using supernatants from c-Fos Ep-tetON keratinocytes was abrogated when conditioned medium was preincubated with an s100a7a15-blocking antibody (Supplemental Fig. 3C ). In addition, CD4 T-cell chemotaxis was also observed upon stimulation with recombinant s100a7a15 protein (Supplemental Fig. 3C ). These results suggest that S100a7a15 protein promotes CD4 T-cell recruitment in c-Fos
Ep-tetON mice. To further assess whether these genes are putative c-Fos target genes, c-fos-deficient keratinocytes treated with TPA were analyzed for the expression of mmp10 and s100a7a15. c-fos levels were gradually increased 2 h after TPA treatment (data not shown), and, after 6 h, 12 h, and 24 h, a gradual increase of mmp10 and s100a7a15 expression was observed. However, this induction was significantly abrogated in the absence of c-Fos (Supplemental Fig. 4D,E) .
The promoter regions of mmp10 and s100a7a15 contain TPA response elements (TREs) to which AP-1 transcription c-Fos-mediated skin cancer through inflammation
Cold Spring Harbor Laboratory Press on October 19, 2017 -Published by genesdev.cshlp.org Downloaded from factors can bind (Fig. 3G,H, top panel) . To evaluate direct binding of c-Fos to both mmp10 and s100a7a15 promoters, chromatin immunoprecipitation (ChIP) assays were performed. Twenty-four hours after c-fos expression in primary c-Fos
Ep-tetON keratinocytes, mmp10 and s100a7a15 showed binding of c-Fos to their promoters (Fig. 3G,H) . Recruitment of c-Fos to mmp10 and s100a7a15 promoters was confirmed by ChIP analyses in c-fos-deficient keratinocytes stimulated with TPA for 3 h. Upon in vitro c-fos deletion, no binding of c-Fos to mmp10 and s100a7a15 promoters was detected (Supplemental Fig. 4F,G) . These results show that mmp10 and s100a7a15 are direct transcriptional targets of c-Fos in keratinocytes and are likely responsible for the recruitment of CD4 T cells and consequent preneoplastic lesion development. In addition, increased MMP10 expression was also present in other K5-expressing tissues, such as the esophagus, forestomach, or tongue, and leukocyte recruitment was observed specifically in the forestomach (Supplemental Fig. 5A,B) . In addition, continuous TPA application in mice lacking c-fos in the epidermis showed that c-fos is necessary for MMP10 expression and, consequently, the recruitment of CD45 + and CD3 + inflammatory cells (Supplemental Fig.  6A-E) . In addition, impaired expression of mmp10 and s100a7a15 was observed in keratinocytes lacking c-fos and stimulated for 4 h and 16 h with TPA (Supplemental Fig. 6F-H) .
MMP10 blockade impairs c-Fos-mediated epidermal hyperplasia
To address the question of whether MMP10 is an important contributor to the development of c-Fos-induced preneoplastic lesions, we blocked MMP10 activity by using a broad MMP inhibitor (TAPI-1) (Slack et al. 2001) . The inhibitor was used in a preventive treatment and administered intraperitoneally (i.p.) three times per week to mice subjected to Dox treatment. As assessed by H&E, c-Fos
Ep-tetON mice treated with the MMP inhibitor showed significant prevention of preneoplastic lesion development (Fig. 4A) . However, even though TAPI-1-treated c-Fos
Ep-tetON mice did not show a dramatic hyperplasia, the mice exhibited other features commonly developed by c-Fos
Ep-tetON mice, such as hair follicle cysts (Fig. 4A) . While c-Fos
Ep-tetON mice still expressed MMP10 protein levels upon TAPI-1 treatment, the mutants showed no recruitment of T lymphocytes (Supplemental Fig. 7A,B) . Keratinocyte proliferation and survival, as assessed by Ki67 and p-STAT3 immunostaining, were reduced compared with vehicle-treated mice ( Fig. 4B; Supplemental Fig. 7C) . Importantly, an MMP10 activity assay using skin protein lysates demonstrated that the drug reached the skin and inhibited MMP10 (Fig. 4C) . mRNA levels of c-fos, s100a7a15, and mmp10 remained elevated upon TAPI treatment (Supplemental Fig. 7D ). These results indicate that inhibition of broad MMP/ADAM signaling ameliorates the pathological features developed by the c-Fos
Ep-tetON mice.
7,12-dimethylbenz(a)anthracene (DMBA)-induced papilloma and SCC development is accelerated by c-Fos
Hras-activating mutations have been shown to render the epidermis susceptible to the development of skin cancers (Wong et al. 2013) . To investigate whether c-Fos is sufficient to promote tumor development upon DMBA Ep-tetON mice.
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treatment, we applied an adapted version of the two-step skin carcinogenesis protocol (DMBA/TPA) (Bremner et al. 1994) to the c-Fos
Ep-tetON mice. Hras mutations were induced by DMBA in the back skin of adult mice, and, instead of TPA, inducible c-fos expression was activated 1 wk later using a low dose of Dox (0.25 g/L) (Fig. 5A) . Eight weeks after Dox treatment, c-Fos
Ep-tetON mice developed papillomas, which became ulcerative at 11 wk (Fig. 5B-D) . The tumor promoter TPA was included in a small set of animals as a positive control (Supplemental Fig. 8A-C) . mRNA expression analyses of the whole tumor revealed increased levels of mmp10 as well as s100a7a15 compared with control skin (Fig. 5E) . Histologically, tumors invaded the adjacent dermal and fat layers with features of SCCs, such as aberrant mitosis and atypia (Supplemental Fig. 8D ; data not shown). IHC analyses revealed that expression of c-Fos was present throughout the tumor (Supplemental Fig. 8D ). Furthermore, the tumors expressed high levels of MMP10 and Keratin 6, a keratin mainly expressed by proliferating keratinocytes (Supplemental Fig. 8D ). Moreover, markers associated with cancer cell migration and invasiveness, such as podoplanin, a direct c-Fos target gene (Durchdewald et al. 2008) , were upregulated at the invading front of the tumor (Supplemental Fig. 8D ).
To test whether c-Fos promotes epidermal proliferation and, subsequently, SCC development by recruitment of inflammatory cells, specifically CD4 T cells, we aimed to inhibit inflammation by using the COX1/COX2 inhibitor sulindac. The adapted version of the two-step carcinogenesis protocol comparing sulindac-treated versus untreated mice was performed (Fig. 5F ). After one dose of topical DMBA and 7 wk of inducible c-fos expression, mutant mice developed ;100-mm 2 tumors (Fig. 5G-I ). Interestingly, sulindac-treated mice developed fewer tumors, and the ones developed were significantly smaller and did not show increased apoptotic rates (Fig. 5G) . Therefore, we conclude that c-Fos is sufficient to promote SCC development and that pharmacological blockade of inflammatory responses, likely preventing CD4 T-cell recruitment, diminishes SCC incidence in c-Fos
Human SCCs express high c-FOS levels, correlating with high MMP10 and S100A15 expression levels and CD4 T-cell recruitment
To address whether the findings from the c-Fos
Ep-tetON mouse model were applicable to human skin tumors, expression of c-FOS, MMP10, and the corresponding human orthologs S100A7 (psoriasin) and S100A15 (koebnerisin) was assessed. Sections from 85 BCC, 96 SCC, and 20 perilesional skin samples were analyzed by IHC (Fig. 6A,B) . In BCCs, none of the tumors expressed c-FOS protein, which correlated with negative MMP10 staining (Fig. 6A) . In contrast, 75% of the SCCs expressed high c-FOS protein levels, correlating with high MMP10 expression (Fig. 6A) , and the remaining 25% percent of SCCs that expressed low or undetectable c-FOS levels had low or undetectable MMP10 levels (Fig. 6A) . Therefore, a high correlation between c-Fos and MMP10 protein expression in human SCCs was observed (Fig. 6A) . However, no correlation was observed between c-FOS and S100A7 protein levels in the same set of samples (data not shown), while 89% (41 positive for S100A15 out of 46 positive for c-FOS) of the S100A15 immunostainings correlated with c-FOS expression in human SCCs (Fig. 6B ). Human SCC cell lines treated with a c-FOS/AP-1 inhibitor were used to confirm previous findings. mRNA expression analyses revealed decreased expression of MMP10 and S100A15 when SCC cell lines were cultured in the presence of the c-FOS/AP-1 inhibitor (Supplemental Fig. 9A,B) . In addition, lentiviral infection of human epidermal keratinocytes (obtained from American Type Culture Collection) with a plasmid overexpressing c-FOS showed a good correlation between the levels of c-FOS and MMP10 but not with S100A15 ( Supplemental Fig. 9C ). Since c-FOS expression correlated with MMP10 and S100A15 in SCCs, the levels of CD4 T-cell infiltrates were assessed by immunostaining on human samples. Interestingly, 73% of the c-FOS-positive SCCs showed CD4 T-cell infiltrates, which was confirmed by CD3 immunohistochemical analyses (data not shown). In addition, a correlation between IL-22 expression and CD4 was observed in the tumor-infiltrating CD4 T lymphocytes (Supplemental Fig. 9D ). Collectively, these data show a strong correlation between c-FOS expression in human SCCs, MMP10, S100A15, and CD4 T-cell infiltrates (Fig. 6A,B) . These results suggest that the presence of CD4 T cells in human SCCs is likely the consequence of increased c-FOS, MMP10, and S100A15 protein levels.
Discussion
Here we show that inducible expression of c-fos in the basal layer of the epidermis leads to non-cell-autonomous keratinocyte proliferation and development of preneoplastic lesions caused by chronic recruitment of CD4 T cells (which secrete IL-22) through s100a7a15 and MMP10 signaling. Moreover, we show that upon a single dose of DMBA, c-Fos is sufficient to promote SCC development, which is ameliorated by anti-inflammatory treatment (Fig. 5J) .
The expression of a number of proto-oncogenes in keratinocytes has been shown to favor the development of SCCs (Ratushny et al. 2012 ). However, in most cases, it is unclear whether this phenotype is solely due to an intrinsic effect on proliferation and/or survival of the targeted keratinocytes or an indirect effect on the microenvironment that feeds back to the keratinocytes. In this study, we show that c-Fos expression in adult epidermis is sufficient to cause skin hyperplasia. Nevertheless, it does not affect cell proliferation and/or survival of isolated keratinocytes, indicating that the effect of c-FOS on the development of skin hyperplasia and SCCs is non-cellautonomous. Previous loss-of-function studies employed conditional targeted mice and keratinocytes lacking c-Fos to demonstrate a differentiation-induced inhibition of SCC development in a cell-autonomous manner (GuineaViniegra et al. 2012 ). Our study is the first one showing that the expression of c-Fos in keratinocyte requires additional signals from the microenvironment to cause the early signs of skin malignancy. In addition, we also show that paracrine external signals are provided by inflammatory cells that are recruited to the epidermis upon c-fos expression in keratinocytes.
The association of chronic inflammation and cancer initiation/progression has now been reported for a number of cancers (Colotta et al. 2009; DiDonato et al. 2012) . In skin, certain inflammatory diseases such as lupus vulgaris (Motswaledi and Doman 2007) or chronic skin ulcers (Baldursson et al. 1993 ) predispose patients to NMSK (SCC). We show here that expression of c-Fos in keratinocytes is sufficient to trigger chronic accumulation of CD4 T cells in the epidermis with no effect on CD8 T cells and B cells. Since RAG deficiency prevents c-Fosmediated skin hyperplasia, we propose that selective accumulation of CD4 T cells in the skin is directly promoting the development of the preneoplastic lesions in the epidermis. Mechanistically, increased intralesional/ intratumoral IL-22-producing CD4 T cells could explain the epidermal hyperplasia or SCC development observed upon inducible c-Fos expression. The overall role of CD4 T cells in the incidence of preneoplastic lesions and SCCs in the skin has also been supported by other studies using the K14-HPV tumor-prone mice (Kemp et al. 1999; Daniel et al. 2003; de Visser et al. 2005) . Unlike CD4 T cells, CD8 T cells seem to protect against skin carcinogenesis (Di Piazza et al. 2012) , in agreement with the current view in cancer and inflammation assigning a protective effect to cytotoxic CD8 T cells and a tumor-promoting effect to helper CD4 T cells (Shiao et al. 2011; Brown et al. 2012) . Nevertheless, there are some specific cases where CD4 T cells may have a tumor-protective role (Demehri et al. 2012) . Although the presence of inflammatory cells in tumors has been previously reported in different types of cancer, it remains unknown when during development of the malignancy the inflammatory response occurs and what the extracellular signals that trigger this accumulation of inflammatory cells are. In this study, genomewide expression analyses revealed two genes (s100a7a15 and mmp10) consistently up-regulated in c-Fos-expressing keratinocytes that could mediate the recruitment of CD4 T cells to the epidermis. We show here that mouse S100a7a15 is able to induce CD4 T-cell recruitment. Furthermore, S100a7a15, also named psoriasin in humans because of its involvement in psoriasis, is known to act as a chemoattractant molecule for granulocytes and CD4 T cells but not for CD8 T cells, B cells, or macrophages (Wolf et al. 2008 (Wolf et al. , 2010 . Altered expression of S100A7 and S100A15 has also been found during human epithelial tumorigenesis (Alowami et al. 2003; Kesting et al. 2009; Tiveron et al. 2012; Hattinger et al. 2013 ), although it is not known what is inducing their expression. Inducible expression of s100a7a15 in the mammary gland has also been shown to enhance tumor growth and metastasis (Nasser et al. 2012) . MMP10, similar to other metalloproteases, can facilitate the recruitment of infiltrating cells by remodeling the extracellular matrix at the proximity of the c-Fos-expressing keratinocytes. Increased levels of MMP10 have been associated with cancer progression/ initiation (Liu et al. 2012) . MMP10 deficiency in a K-Rasmediated lung cancer model leads to a decrease in tumor burden compared with controls (Regala et al. 2011 ). In addition, MMP10 has also been associated with inflammatory disease, such as arthritis (Barksby et al. 2006 ). Here we show that pharmacological blockers of MMPs in vivo delay the development of the preneoplastic lesions caused by c-fos expression, likely due to inhibition of MMP10, the only MMP/ADAM up-regulated upon c-Fos expression. Importantly, our studies also identify S100a7a15 and MMP10 genes as two novel direct targets of c-Fos in keratinocytes. Following DMBA-induced Hras mutations, inducible c-fos expression in the epidermis is sufficient to promote SCC development in mice with high levels of S100a7a15 as well as MMP10 proteins, further supporting the role of these proteins in mediating c-Fos functions in skin cancer.
Thus, our study in mouse models has uncovered a noncell-autonomous function of c-Fos in the epidermis, linking proinflammatory responses to preneoplastic and neoplastic lesion development with a major contribution of CD4 T cells, likely due to the induction of newly uncovered target genes like s100a7a15 and MMP10. Importantly, our results also support that this novel pathway is relevant for human SCCs. In humans, there are two genes-S100A7 (psoriasin) and S100A15 (koebnerisin)-that correspond to the single s100a7a15 ortholog in mice. Psoriasin and koebnerisin have been previously shown to be up-regulated in human epithelial skin tumors (Moubayed et al. 2007; Hattinger et al. 2013 ). Here we show that S100A7 and S100A15 expression is increased in cutaneous SCCs compared with normal skin and epithelial BCCs. However, while c-FOS and S100A15 proteins are coexpressed in the SCCs, the c-FOS and S100A7 expression pattern are not overlapping. Thus, functionally, S100A15 in humans may resemble mouse s100a7a15 in SCCs. Similar to S100A15 and S100A17, increased MMP10 protein levels have also been reported in human epithelial tumors such as esophageal or oral SCCs (Stott-Miller et al. 2011; Liu et al. 2012) . Indeed, tumoral and salivary MMP10 levels are being used as markers of oral SCCs (Stott-Miller et al. 2011) . Our study shows a strong correlation between the expression of c-FOS and MMP10 in human SCCs. Interestingly, our results also revealed CD4 T-cell infiltrates in human SCCs, but not BCCs, and a positive correlation between high levels of c-FOS, MMP10, and CD4 T cells, and these cells secrete IL-22, which induces keratinocyte proliferation. Therefore, induction of MMP10 and S10015 expression by c-Fos in human SCCs could promote the selective accumulation of CD4 T cells and cancer progression. S100A15 and MMP10 may emerge as novel targets in human skin cancer progression as an alternative to intervene with CD4 T-cell responses in the skin.
Materials and methods
Generation of c-Fos
Ep-tetON mice Col TetO-Fos mice were generated by knocking in a Flag-tagged c-Fos cDNA controlled by a tetracycline operator (tetO) downstream from the col1a1 gene (L Bakiri and EF Wagner, unpubl.). K5-rtTA mice were obtained from S. Gutkind. Control and mutants were identified by PCR genotyping on tail DNA. Mice were maintained in a C57BL/6x129sv background. For the carcinogenesis treatment, F1 FvB mice were used, since this background has been shown to accelerate tumor formation (Naito and DiGiovanni 1989) . Dox (Harlan) was supplied ad libitum at 0.25-0.5g/L (Sigma-Aldrich) in 2.5%-5% (w/v) -sucrose-supplemented drinking water or in the food pellets. Double-transgenic mice are referred to as c-Fos
Ep-tetON mice, and wild-type or singletransgenic littermates were used as controls. Mice were treated with Dox between 6 and 8 wk of age.
Study approval
Mice were kept in the animal facility in accordance with institutional policies and federal guidelines for animals used in biomedical research following the recommendations of the Ethics Committee and Animal Welfare of the Insituto de Salud Carlos III (Madrid, Spain), following the Royal Decree 10th of 
Chemical carcinogenesis
For DMBA/TPA-induced skin carcinogenesis, cohorts of c-Fos
Ep-tetON and control mice at 5 wk of age received a single application of 100 mL of an acetone solution containing 0.5% DMBA (Sigma-Aldrich) applied to the dorsal surface. TPA (10 À4 M; Sigma-Aldrich) in acetone was applied twice per week to the dorsal surface. Dox treatment was used either at 0.25 g/L in the drinking water or ad libitum in the food pellets. DMBA was combined with Dox or with Dox and TPA. A small cohort of mice also received 180 mg/L sulindac (Sigma-Aldrich) in the water at the same time as Dox in the food pellets.
MMP inhibitory treatment
Six-week-old to 8-wk-old control and c-Fos
Ep-tetON mice were treated with Dox for 4 wk. TAPI-1 (MMP inhibitor; Peptides International) was injected i.p. every other day three times per week for 4 wk. TAPI was diluted in 5% DMSO in saline. The final concentration used was 10 mg/kg.
Histological analysis
Histology and IHC were performed according to Zenz et al. (2003) . Briefly, tissues were fixed in PBS-buffered 3.7% formalin or frozen in OCT at À80°C. Formalin-fixed tissues were dehydrated, and 4-mm sections were used; 7-mm cryosections were cut from OCT-fixed and frozen tissues. Human tissue arrays from paraffin blocks were produced as 0.5-mm punches taken out of the paraffin-embedded material by parallel viewing of H&E-stained sections. H&E staining was performed according to standard procedures (Sigma-Aldrich). The following primary antibodies were used: rabbit monoclonal to Ki-67 (SP6 Master Diagnostica); c-Fos (Calbiochem); Flag-DYKDDDDK tag (Cell Signaling); K6, K1, K5, and loricrin (Covance); podoplanin (Developmental Studies Hybridoma Bank); S100a7a15 and S100A15 (donated by R. Wolf, Munich, Germany); MMP10 (Leica); c-FOS (Santa Cruz Biotechnology, D1); and CD4 (DAKO, 4B12). Alexa Fluor 488 dye-labeled secondary antibodies (Invitrogen) were used at concentrations from 1 mg/mL to 50 mg/mL. Sections were counterstained with Carazzi's hematoxylin (Panreac) and analyzed by light microscopy (Leica, DM2500).
Human skin SCC samples obtained after informed consent (ethics permission no. 125/10/2012 EK 405/2006) and approval were provided and evaluated by Dr. Peter Petzelbauer (Medical University of Vienna, Austria). Production of tissue arrays from paraffin blocks from BCC and SCC lesions (from the dermatopathological data bank) was performed according to ethics committee permission 405/2006 and extension 125/10/2012 (Medical University of Vienna, Austria). In brief, by this technique, 0.5-mm punches are taken out of the paraffin-embedded material by parallel viewing of H&E-stained sections.
Flow cytometry
Total skin from control and c-Fos
Ep-tetON mice was subjected to mild digestion with liberase and DNase and mechanically disrupted using GentleMACS Dissociator (Miltenyi). The isolated cells were then stained for 30 min with NK1. Samples were collected in a FACS CANTO II (BD Pharmingen) equipped with 488-nm, 640-nm, and 405-nm lines. We used pulse processing to exclude cell aggregates and live/dead fixable dye Aqua to exclude dead cells. At least 10,000 live single CD45 + events were collected; all data were analyzed using FlowJo 9.5.3 (Treestar). Skin draining lymph nodes were removed from the mouse and kept in 5% FBS RPMI. Lymph nodes were smashed with a plunger against a 40-mm cell strainer. The strainer was washed with 5% FBS RPMI. Cells were spun down at 300g for 10 min. Finally, leukocytes were resuspended in PB buffer with low BSA, and staining was carried out.
Cell culture and adenoviral infection
Isolation and culture of mouse primary tail keratinocytes was performed as described elsewhere (Zenz et al. 2003) . Twenty-four hours after plating, keratinocyte medium was changed to KC-SFM (Gibco). Keratinocytes were cultured at 32°C. The medium was changed every other day and, if needed, supplemented with Dox at 1 mg/L. Ca 2+ (0.05 mM or 2 mM CaCl 2 ) stimulation of keratinocytes was performed in equally semiconfluent cultures for proper comparison. Cells were collected at different time points after Dox treatment. Primary c-Fos fl/fl keratinocytes were cultured in the same conditions and treated with adenoviruses. Adeno-Cre (AdCre) or Adeno-green fluorescent protein (AdGFP) adenoviruses were purchased from the University of Iowa. Primary keratinocytes were infected with 300 particles per cell in KC-SFM medium. Cells were treated with TPA for 3 h and collected at different times post-infection. The epidermal-derived SCC9 cell line was kindly provided by M. Sibilia (Institute for Cancer Research, Vienna, Austria) (Lichtenberger et al. 2010) , and SCC12 and SCC22 were provided by G.P. Dotto (University of Lausanne, Lausanne, Switzerland) (Lefort et al. 2007 ). All of the SCC cells were grown in DMEM and 10% FBS. The SCC cells were cultured with vehicle or with a c-Fos/AP-1 inhibitor (Aikawa et al. 2008 ).
Packaging of retroviral constructs and retroviral transduction
For production of viruses, 293T cells were transfected with Lipofectamine 2000 (Gibco) and the indicated plasmids according to manufacturer's instructions. After 48 h, supernatants were filtered through a 0.45-mm sterile filter and used directly or stored at À80°C until further use. Plasmids used were LeGO-iG2 (Weber et al. 2008) and Precision LentiORF human FOS (Thermo Scientific, OHS5897-202616290). Viruses were pseudotyped with VSV-G. Human keratinocytes were infected with the different lentiviral particles.
Fos activity assay
TAPI-and vehicle-treated control and c-Fos
Ep-tetON mouse skin extracts or keratinocyte lysates were used in c-Fos activity assays (Active Motif, TransAm AP-1 c-Fos) following the manufacturer's instructions.
CD4 T-cell chemotaxis assay
CD4 T cells were purified from wild-type mouse spleens by positive selection using MACS kits as recommended by the manufacturer (Miltenyi Biotec). CD4 T cells were activated with plate-bound anti-CD3 mouse antibody (3 mg/mL; BD Pharmingen, OKT3) and a soluble anti-CD28 mouse antibody (2 mg/mL; BD Pharmingen) for 5 h. SDF-1a (Vitro) was used at 10 ng/mL. Chemotaxis assay was performed using a plate with a transwell containing a 5-mm polycarbonate membrane. CD4 T cells were diluted in complete RPMI medium (5% fetal calf serum, 2.5 mg/L glucose, 2 mM glutamine, 10 mg/mL folate, 1 mM pyruvate, 50 mM bÀmercaptoethanol). In the lower chamber, the condition medium was added (6SDF-1a). Two hours after plating CD4 T cells, the insert was lifted, and cells that migrated to the lower chamber were analyzed using a BD FACS Canto II flow cytometer (BD Biosciences).
MMP10 enzymatic assay
An enzymatic assay using back skin protein lysates was performed following the manufacturer's instructions (AnaSpec).
Protein isolation
Back skin from mice was shaved and snap-frozen in dry ice, or cells were scraped from the plate with a cell scraper. Protein isolation for Western blot was performed in RIPA buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% deoxycholate, 1% NP-40) containing a protease inhibitor cocktail (0.1 mM Na 3 VO 4 , 40 mM b-glycerophospate, 40 mM NaPPi, 1 mM NaF) (SigmaAldrich), and tissues were homogenized using Precellys 24 (Bertin Technologies). For protein lysates from cultured keratinocytes, cells were scraped (100 mL for each well in a six-well plate) with a cell scraper and kept for 15 min in ice. The cell lysate was spun down at maximum speed, and the supernatant was collected. Protein lysates were quantified by using Pierce BCA protein assay reagent (Thermo Scientific). Western blot analysis was performed according to standard procedures using the following antibodies: c-Fos (BD-Pharmingen), Flag (SigmaAldrich), vinculin (Sigma-Aldrich), MMP10 (DAKO), S100a7a15 (provided by Dr. Ronald Wolf), b-Actin (Sigma-Aldrich), and GAPDH (Sigma-Aldrich).
The blots were incubated with the appropriate secondary horseradish peroxidase-coupled antibodies (GE Healthcare) and developed using the Amersham ECL Plus Western blotting detection reagent (GE Healthcare) and Amersham ECL Hyperfilms (GE Healthcare). Alternatively, blots were incubated with Alexa-Fluor 680-coupled secondary antibodies (Invitrogen) and visualized using the Odyssey imaging system (Li-Cor).
RT-qPCR
Total RNA was isolated using Trizol (Sigma-Aldrich) according to the manufacturer's instructions. Complementary DNA was synthesized using 1 mg of RNA, Ready-To-Go-You-Prime-First-Strand Beads (GE Healthcare), and random primers (Sigma-Aldrich) as described in the manufacturer's protocol. RT-qPCR reactions were performed using GoTaq RT-qPCR Master Mix (Promega) and Eppendorf fluorescence thermocyclers (Eppenddorf). The 2 ÀDDCT method was used to quantify amplified fragments. Expression levels were normalized using at least two housekeeping genes (gapdh and hprt). Primer sequences will be provided on request.
Genome-wide expression analyses
RNA of samples was hybridized to the Illumina MouseRef-8 V2 R3 BeadChip array according to the manufacturer's instructions (Illumina, Inc.). Microarray scanning was done using a Beadstation array scanner. Data preprocessing and quality control were conducted using packages of the Bioconductor project implemented at the DKFZ in-house-developed ChipYard framework for microarray data analysis (http://www.dkfz.de/genetics/ChipYard). In summary, microarray probes were annotated based on Ensembl (version 58) using an in-house BLAST-based pipeline. Before normalization with variance-stabilizing transformation (VST) and robust spline normalization (RSN) algorithms, beads with signals below the negative controls were removed, and positive, negative, and hybridization controls were excluded.
Normalized log2-transformed microarray data were used to calculate the gene fold change value (i.e., how many times the intensity of gene expression changed compared with the control). The fold change value has no measure of statistical significance but is biologically relevant and specifically usable for data that, other than the time series, have no other replication. Genes were ranked according to the Euclidian distance between the maximum expression within a probe set and the mean expression of a probe set over all time points (as shown in Busch et al. 2008) , both scaled (normalized) to the maximum value measured in each data set.
ChIP
ChIP was performed using both the EZ-Zyme chromatin prep kit and EZ-Magna ChIP G ChIP kits (Millipore). Keratinocytes were isolated from the tails from adult c-Fos fl/fl or c-Fos tetON mice. Two confluent P100 plates were used per condition. c-Fos tetON keratinocytes were cultured as explained before and treated for 24 h with 1 mg/mL Dox. c-Fos fl/fl keratinocytes were infected with 300 particles of AdCre-or AdGFP-expressing viruses per cell. c-Fos fl/fl keratinocytes were cultured for 4 d after infection and serum-starved overnight. The next day, c-Fos fl/fl keratinocytes were treated for 3 h with 10 nM PMA (phorbol 12-myristate 13-acetate). Primers will be provided on request.
Flow cytometry and FACS sorting
Skin from c-Fos
Ep-tetON mice and controls was shaved and removed from the mice. Dermal fat was scraped off using a scalpel. Tissues were finely minced with scissors and digested with 120 mL of 4 mg/mL DNase (Sigma-Aldrich) and 200 mL of 5 mg/mL liberase (Roche) in 4 mL of RPMI in MACs C tubes and incubated for 20 min at 37°C in a water bath. Tissue was homogenized using gentleMACS Dissociator. Enzymatic digestion was quenched by adding 10 mL of 10% Ch-FBS, 2 mM EDTA, and 250 mg/mL DNase RPMI. Released cells were filtered through a 70-mm cell strainer and spun down at 300g for 10 min at 4°C. Red blood cells were removed using 1 mL of Red Blood Cell Lysing buffer (Sigma-Aldrich) for 2 min at room temperature. Cells were washed in 5 mL of high PB buffer (2 %BSA, 2 mM EDTA, 250 mg/mL DNase in PBS) and resuspended in 1 mL of high PB buffer. FcBlock (1:200; BD Pharmingen) was used for 20 min at room temperature to avoid unspecific staining. Cells were washed and resuspended in low PB buffer (0.5 %BSA, 2 mM EDTA, 250 mg/mL DNase in PBS) and incubated with specific antibodies mixed previously in an antibody cocktail mix to avoid variability among samples (CD45-APC/PE [1:400], CD3-APC . For FACS sorting, cells were used right after staining to avoid cell death. DAPI was used as a viability marker. Sorting was performed using a BD Influx cell sorter. For flow cytometry analyses, cells were fixed using BD cytofixed and Acqua live.
EdU proliferation
Sixty percent confluent c-Fos tetON keratinocyte cultures were treated 6Dox (1 mg/mL) for 1 d. An EdU proliferation assay was c-Fos-mediated skin cancer through inflammation GENES & DEVELOPMENT 13
Cold Spring Harbor Laboratory Press on October 19, 2017 -Published by genesdev.cshlp.org Downloaded from performed using the Click-iT EdU cell proliferation assay, and keratinocytes were treated following the manufacturer's instructions. Analyses were performed using a BD FACSCanto II flow cytometer. Analyses were done using FlowJo software.
Statistical analysis
Unless otherwise specified, results are presented as mean 6 SD. P-value was calculated using Student's t-test.
